Introduction
Beryllium metal, its alloys and com pounds are materials indispensable for a large num ber o f ap plications in today's high tem perature, nuclear, or aerospace technology and electronics [1, 2] . How ever, beryllium and its com pounds are highly toxic to m ammalian cells, can interfere with norm al im mune functions and, after inhalation, can give rise to pulm onary beryllium deseases (" Berylliosis") or lung cancer [1, 2] . In order to rationalize the risk of work with beryllium based m aterials, a better knowledge o f the interaction o f the Be2+ ion with potential ligands present in biological systems or in the environment on a molecular basis is becom ing more and more pressing. The general decline of fundam ental research in beryllium chemistry [3, 4] has made progress very slow, however.
A literature survey shows that there is surpris ingly little inform ation on the structural chemistry o f beryllium complexes with biomolecules [5 -7] , From results o f work carried out as early as the last century on beryllium salicylate and catecho-* Reprint requests to Prof. Dr. H. Schmidbaur.
Verlag der Zeitschrift für N atu rforsch u n g, D -W -7400 T übingen 0932 -0 7 7 6 /9 2 /1 2 0 0 -1 7 1 7 /$ 0 1 .0 0 /0 late complexes it appeared that Be2+ shows a high affinity not only for carboxylic, but also for phen olic oxygen functions in aqueous solution, which is a rare phenomenon for other metals, e.g. the con geners magnesium and calcium ubiquitous in bio logical systems [8] , Several complexes of beryllium with a-hydroxy carboxylic acids described in these early studies feature stoichiometries, which sug gest that phenolic -and even alcoholic -func tions are deprotonated, but the structures of these com pounds could not be established [5 -7 , 9] . (Nevertheless sulphosalicylic acid SSA has been introduced with some success as a complexing agent in medicine [1] .) Rosenheim and Lehmann, in 1924, were able to isolate a beryllium com plex of glycolic acid H O C H 2COOH, to which they attributed the curious stoichiometry N a2[Be3(C2H 20 3 )4]-4 .5 H 20 , but no structure could be proposed for this complex [9] .
Results
Intrigued by these results as a possible clue to beryllium toxicity we have initiated a study of the coordination chemistry o f Be2+ with bio-ligands containing hydroxyl groups in aqueous solutions resembling physiological conditions regarding sol vent, pH and temperature. Following reports on the structure of beryllium salicylates and catecholates [10] [11] [12] we now communicate the prepara tion, crystallisation and X-ray structure analysis of the complex N a4[Be6(0 C H 2C 0 2)8]-9.5H 20 proba bly identical with the Rosenheim/Lehmann com pound. The reaction of beryllium hydroxide with equivalent am ounts of glycolic acid and sodium glycolate(-l) yields aqueous solutions with a pH 5.7, from which triclinic needles can be ob tained on addition of 15% [vol] of ethanol and slow evaporation. (Note: All necessary precau tions should be taken in such experiments to avoid skin contacts and inhalation!)
The net stoichiometry o f the com pound corre sponds to a com position of 2 N a2[Be(0CH2C 0 2)2]-4[B e(0C H 2C 0 2)]. However, the structure analysis revealed a complex salt featur ing a hexanuclear tetraanion [Be6(0 C H 2C 0 2)8]4~. In this complex unit the six beryllium atoms are connected by eight glycolate dianions, which are deprotonated at both the carboxylic and the pri mary alcoholic functions. The beryllium atoms are all in a tetrahedral environm ent of oxygen atoms, but the coordination is not uniform. F our beryl lium atoms arranged at the corners of a bisphenoid (a symmetrically distorted tetrahedron, Be 2, Be 3, Be 5, Be6 in Figs. 1 and 2) are each mono-chelated by a glycolate group, the alkoxy oxygen atom of which is also coordinated to a neighbouring metal atom (0 6 , 0 9 , 0 1 8 , 0 2 1 ). The two remaining beryllium atom s are doubly-chelated by two glyco late dianions each (Be 1, Be4), with the C H 20 oxy gen atoms again in contact with neighbouring metal atoms at the two long edges of the bis phenoid. The complete complex tetraanion has no crystallographic symmetry. Each of these chiral tetraanions is related to an optical antipode by a center of inversion in the crystal. The polyhedron formed by the beryllium atom s approaches very closely the symmetry of point group D 2d (Fig. 2) .
In the crystal lattice, the sodium atom s are in contact mainly with the peripheral oxygen atoms of the (glycolato)beryllate tetraanion, but also with the hydrate water molecules. Hydrogen bonds betweeni these water molecules and the oxygen centers of the tetraanion are providing additional lattice connectivity. The com pound dissolves in water to give solu tions o f pH 6. The 9Be N M R spectrum [13] of these solutions shows two singlet signals with chemical shifts Ö = 1.3 and S = 3.6 ppm relative to the Be2+(aq) reference. The spectrum thus indi cates the persistence o f complexation of the metal ion by the glycolate ligand in aqueous solution with two significantly distinct coordination geom etries adopted by the beryllium cations. It should be noted that the chemical shift range o f 9Be reso nances is generally quite narrow, and signal as signments are therefore often tentative owing to the small shift effects associated even with m ajor structural changes [14] , In the present case there can be no doubt, however, that Be2+ complexation is retained in aqueous solution.
Discussion
The findings o f the present investigation are proof that Be2+ is indeed effectively chelated by hydroxy-carboxylic acids in almost neutral aqueous solution. The resulting complexes ob viously can be associated to polynuclear aggre gates, one of which has now been structurally characterized for the first time. Beryllium is thus indeed unique in its affinity for alcoholic hydroxyl groups in bio-molecules. Clearly, the proton acidi ty of a hydroxyl function is so strongly enhanced upon beryllium coordination, that complete disso ciation is induced. This effect has been attributed to the extremely high charge density o f beryllium (Z/r = 6.45) which is only rivaled by that o f alu minium (Z/r = 6.00) [1] . It is therefore o f little surprise, that it was only in the case of a citrate complex of aluminium that a deprotonated hydroxyl function was very recent ly detected as a donor site for a typical (main group) metal in crystals obtained from low acidity aqueous solution [15] . Already with lactic acid, however, the alkoxy group bound to aluminium remains protonated [16] . (For very large, exces sively coordinated cations like bismuth, other fac tors may be operative, since both deprotonated and intact hydroxylic derivatives have been ob served [17] .) It is im portant to note that aluminium -though widely abundant in the environmentappears to be painstakingly excluded from most living organisms, and that a build-up of even mi nor concentrations of this element in cells leads to toxic effects, with Alzheimer's desease being a pos sible example of the devastating consequences [18] . Beryllium is also absent in healthy organisms and appears to be carefully barred from cell entrance possibly using similar mechanisms. The alleged in terference o f beryllium with hydroxyl-bearing bio molecules [1] , which leads to severe denaturation of proteins (with serine as one of the main targets), as the underlying m olecular mechanism has now for the first time gained structural support, but fur ther studies are required with larger ligand sub strate molecules.
Experimental P art
General: All experiments were carried out in bi distilled pure water with carefully purified reagents and solvents. N M R : Jeol GX 400 spectrometer.
Preparation o f the complex:
Following the pro cedure given in the literature [9] , an aqueous slurry of freshly precipitated beryllium hydroxide was treated with equivalent am ounts o f glycolic acid and sodium glycolate(-l) to give an aqueous solu tion of pH 5. 
